Hydraulic or filtration efficiency of residential swimming pools, quantified in terms of residence time characteristics, is critical to disinfection and thus important to public health. In this study, a threedimensional computational fluid dynamics model together with Eulerian and Lagrangian-based techniques are used for investigating the residence time characteristics of a passive tracer and particles in the water, representative of chemicals and pathogens, respectively. The flow pattern in the pool is found to be characterized by dead zone regions where water constituents may be retained for extended periods of times, thereby potentially decreasing the pool hydraulic efficiency.
INTRODUCTION
Although water disinfection processes in swimming pools and baffled ozone contactors function in a similar fashion (Caro & Gallego ) , the hydraulic efficiency of residential and public swimming pools has received minimal attention compared to the hydraulic efficiency of ozone con- Lewis et al. ). In these simulations, the tracer studies were based on an Eulerian approach (Zhang et al. b) .
This approach enables tracking of dissolved chemicals but is not able to capture the behavior of suspended solids (e.g. pathogens). In the present study we explore Eulerian and Lagrangian approaches in investigating the transport of dissolved agents and suspended particles in a typical swimming pool configuration. The Lagrangian approach facilitates tracking of the particles. In particular we study how the return-jet configuration of the pool affects the hydraulic or filtration efficiency through residence time characteristics of water constituents. The size of particles studied is consistent with the typical size of bacteria such as Escherichia coli and Salmonella, which are commonly found in swimming pools.
Biofilms allow for the collection of bacteria which is one of the major problems in swimming pools. Dead zones are known as the 'birthing grounds' for biofilms. The bottom half of the pool, especially in pools without main or bottom drains, and the corners of rectangular pools are likely dead zones. The Lagrangian particle tracking results in the present study suggest that it should be possible to design the return-jet configuration of the pool to help minimize these dead zones and thus reduce biofilm formation.
GOVERNING EQUATIONS
The present study makes use of the frozen flow strategy employed in other similar studies of water disinfection systems (e.g. see Zhang et al. b) . That is, assuming steady flow, the mean flow is first computed followed by Eulerian and Lagrangian studies of hydraulic efficiency making use of the mean flow solution. In this section the flow governing equations and the Eulerian and Lagrangian approaches to quantify hydraulic efficiency are introduced sequentially.
Flow governing equations
The governing flow equations consist of the incompressible steady-state Reynolds-averaged continuity and NavierStokes (RANS) equations:
where brackets denote Reynolds averaging and 〈u i 〉 is the ith component of the Reynolds-averaged or mean velocity; ρ is the constant water density; 〈p〉 is the mean pressure; ν is molecular kinematic viscosity; x i is the coordinate in the ith direction. The Reynolds stress tensor À〈u 
and the eddy viscosity is:
where k is the turbulent kinetic energy, ε is turbulent kinetic energy dissipation and C μ ¼ 0:09. Spatial distributions of k and ε are specified via transport equations part of the standard k-ε model (Wilcox ) equipped with standard wall functions (Launder & Spalding ) .
Eulerian passive tracer transport
Eulerian passive tracer transport studies will be based on the unsteady Reynolds-averaged advection-diffusion equation for tracer concentration:
where 〈C〉 is the Reynolds-averaged tracer concentration and 〈u j 〉 is the Reynolds-averaged steady state flow solution.
The tracer is representative of a non-reacting dissolved species in the water. The turbulent tracer concentration flux À〈u 0 j C 0 〉 is modeled as:
Note that 〈C〉 is time-dependent due to its transient boundary conditions described further below. The eddy (turbulent) diffusivity is taken as D t ¼ ν t =Sc t where eddy viscosity ν t is computed as described earlier and the turbulent Schmidt number, Sc t , is taken as 0.7 (Launder ).
In Equation (5), molecular diffusion has been neglected as it is much less than turbulent diffusion throughout the flow domain.
Two types of studies were conducted using the Eulerian approach previously described. In the first type, referred to as tracer pulse studies, a pulse or slug of the tracer was 
Lagrangian particle tracking
The Lagrangian discrete phase model in ANSYS Fluent follows the Euler-Lagrange approach. The fluid phase is treated as a continuum by solving the Navier-Stokes equations as described earlier, while the dispersed phase is solved by tracking individual particles through the calculated flow field. In the Lagrangian discrete phase model, the trajectory of a discrete phase particle is predicted by integrating the force balance on each particle, which is written in a Lagrangian reference frame. This force balance equates the particle inertia with the forces acting on the particle, and can be written as:
where the fluid and particle densities have been assumed to be the same, u is the fluid phase velocity defined as 〈u〉 þ u 0 with 〈u〉 the mean velocity obtained from solution of the RANS equations described earlier and u 0 the turbulent fluctuation to be defined further below, u p is the particle velocity, and
is the drag force per unit particle mass with:
Here, μ is the molecular viscosity of the fluid, ρ p is the particle density, d p is the particle diameter, C D is the drag coefficient which is estimated by the model given in Morsi & Alexander (), and Re is the relative Reynolds number which is defined as:
The Cartesian components of the velocity fluctuation
, where ξ is a normally distributed random number and k is the turbulent kinetic energy obtained from the k-ε turbulence model described earlier.
In this study, hydraulic efficiency was measured by tracking 100 small neutrally buoyant particles initially distributed throughout the surface of the pool. The size of particles is uniformly 1 micrometer, representing the typical size of bacteria, such as E. coli and Salmonella, which can sometimes be found in swimming pools.
THE POOL SYSTEM AND NUMERICAL SETTING
Pool drain systems gather a series of components that work in conjunction to distribute and flush the water inside the pool. This movement of water is typically done by a motor pump, which forces water into the pool via the return-jets.
As this occurs, water flows out of the basin through the main drains and the skimmers. These components induce complex three-dimensional circulation patterns that can be characterized by dead zone regions in which water is retained for extended periods of time, ultimately reducing the hydraulic efficiency of the pool.
In this study, two model residential pool configurations were chosen based on realistic specifications in terms of physical size. Specifically, both models, as shown in closed. For simplicity, so as to not create an undesired strong vortex, the models do not contain a bottom drain.
However, note that exclusion of drains is not unrealistic as this practice has been trending in the pool industry for safety reasons (Taylor ) .
In order to compute the flow inside the pool, the volume of the pool geometry was discretized using a variable-size mesh (grid) consisting of 1,619,049 cells or elements (see Figure 3 ). Element shape varies between hexahedral, tetrahedral and pyramid. To ensure satisfaction of conservation of momentum and mass, the mesh is refined in critical areas where velocities tend to be higher than elsewhere and where openings are on the order of centimeters or less. For example, the mesh resolution is ∼1 cm at the skimmer and ∼0.02 cm at the return-jets.
The water surface was treated as a no-penetration, zeroshear, rigid lid allowing slip. The total flow rate of return-jets was 25 gpm or 1.578 × 10 À3 m 3 /s, corresponding to a theoretical residence time (pool volume divided by flow rate) of 12.7 hours. As noted earlier, we considered two models with two and three return-jets, respectively (see Figure 1 ).
Thus the flow rates applied to each return-jet would be the total flow rate divided by two and three for the two models respectively. Atmospheric pressure was imposed at the flow outlet or skimmer. No-slip conditions were imposed at the bottom and side walls of the pool. The mesh described above is such that viscous wall regions (buffer and viscous sub-layers) were not resolved and were instead modeled using a standard wall function (Launder & Spalding ).
In the numerical tracer studies, at the outlet (i.e. skimmer) and at the walls, the normal gradients of tracer concentration were set to zero (zero-gradient boundary condition)
indicating zero diffusive flux across these boundaries. For the tracer pulse studies, in which the tracer concentration 
RESULTS AND DISCUSSION
In this section, visualizations of the flow patterns in the two swimming pool models are firstly presented. Results from tracer transport and particle tracking are then analyzed to evaluate the hydraulic performance of the two models.
Flow fields
In Figure 4 , panels (a) and (b) show the absolute velocity (i.e. 
and (b), this embedded circulation zone is isolated because
its path-lines do not pass near the skimmer but rather submerge to depths below the skimmer, which contributes to the longer flushing times of particles emanating from this zone (as will be seen through the Lagrangian particle tracking studies presented further below). 
Eulerian passive tracer transport
In the tracer pulse tests, we considered three scenarios for releasing the tracer: (1) release at return-jet one only;
(2) release at return-jet three only; and (3) release at both jets one and three. Figure 6 shows time series of the normalized tracer concentration at the skimmer for all of these scenarios. Note that the tracer concentration is normalized Meanwhile, in the pool scenarios investigated, short-circuiting provides an avenue for the tracer to initially exit the pool at a faster rate than in the CMFR. However over time, at approximately 5 hours after the fresh water started to be released into the pool, turbulent diffusion becomes dominant over advection (i.e. short-circuiting) and the tracer flushing rate in the pool scenarios begins to approximate the CMFR flushing rate.
Note that although the change of mean tracer residue in the pool cannot be described by the CMFR model, it can still be described by a general exponential model which may be written as:
where C n is the normalized tracer concentration described above, θ is normalized time (time divided by theoretical resi- The previous results reveal that particles behave distinctly from the tracer. In the tracer volume flushing studies, the total tracer within the pool in both models A and B decayed at near identical rates. In contrast, model B was observed to be more efficient at flushing particles. The difference between these Lagrangian and Eulerian results is attributed to the fact that the particles do not exactly follow the motion of the fluid and instead their motion is dictated through Equation (7), whereas the tracer is advected and diffused exactly as the fluid through Equation (5). In the case of the particles, although turbulence diffusion plays a role in establishing the particle path via the random walk model used in Equation (7), results indicate that the mean flow plays a more dominant role in determining the particle path and particle residence time. Thus the particles are more susceptible to stagnation within the recirculation zones of the mean flow than the tracer. Such behavior is consistent with Brennen () who noted that particles are not as strongly affected by turbulence.
Summary of results
In this manuscript, Eulerian and Lagrangian methods were employed to investigate the hydraulic efficiency of In light of the fact that typical pump operation and associated pool circulation in residential swimming pools is expected to be on cycles on the order of 8 hours long, the filtration efficiency of models A and B over an operation cycle is nearly the same, as predicted by the tracer studies.
However, the results from particle tracking show that model B performs better than model A in removing particles, which can be considered representative of bacteria.
The difference in pool hydraulic efficiency obtained with tracer and particles is attributed to particles adhering closer to mean flow path-lines, whereas the tracer is more susceptible to mixing caused by turbulence. In the case of model B, the close proximity of re-circulation zones to the skimmer induced by the return-jet configuration coupled with the faster mean speeds along the fluid path-lines lead to significantly shorter particle residence times relative to model A.
FUTURE PERSPECTIVE
The present study has demonstrated the feasibility of the CFD approach as an evaluation and design tool that can help builders design pools characterized by reduced dead zone regions resulting in increased hydraulic efficiency. 
